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PREFACE
The forest-breeding program in Brazil has the general objective of providing most adapted
plants to different environments for various Brazilian regions, for fulfilling timber demands
meant for multiple uses in the country. One of the main problems found in different forest
breeding programs are the difficulty to identify the different species and hybrids. The use of
molecular biology techniques in plant breeding programs is found very effective in the
optimization of the time and the direction of these programs, particularly among those plants
of the same subgenus. The process of selection and hybrid plants selected for planting in most
cases; significantly increase the gain in terms of production and adaptability. The use of
molecular markers to characterize the molecular variability of forest species has
revolutionized genetic analysis in recent years. The bulk segregant analysis (BSA) is a
technique used to identify molecular markers linked to monogenic, dominant or recessive
characters. BSA technique in combination with Amplified Fragment Length Polymorphisms
(AFLP) technique is an efficient methodology for the detection of polymorphism from
genomic restriction fragments through PCR amplification; which helps in analyzing large
number of loci for testing without the need for previous information of their sequence in
respect to their dominance and reproducibility. The most recent and promising applications of
molecular biological methods for the detection of small DNA fragments as identification tool
and constituency of species in plants and animals is called DNA barcode. The use of barcode
DNA sequence is useful for grouping data and analyzing jointly in order with ease of

amplification and sequencing and quality of sequence discriminatory power of the marker.
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The results obtained during the development of this study are presented in a scientific article
format. The first paper was submitted to the Silvae Genetics journal, entitled “Development
of molecular markers for the eucalyptus species identification”, which showed the
analysis of AFLP markers and BSA that were associated with the identification of five species
of Eucalyptus (E. saligna, E. tereticornis, E. urophylla, E. grandis and E. brassiana). The
second article will be submitted to the Plos One journal with the title “Evaluating the
capacity of plant DNA barcodes to discriminate species of Eucalypts”, we are presenting
our results for evaluating of the discriminatory power of the DNA barcode label based on the
use of internal transcribed spacer /751, ITS2 and plastid genomes rpoCl, matK, rbcL and

vefl, enabling the genetic separation of 14 species of Eucalyptus.
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Objectives

The general objective of this study was to evaluate the applicability of molecular markers

associated with the identification of species of eucalypts.

They are also specific objectives:

Identifying by applying Bulk Segregant Analysis (BSA) and Amplified Fragment Length
Polymorphism (AFLP) markers associated with specific species of Eucalyptus.

Evaluating and quantifying the DNA-barcode efficiency to discriminate species of
Eucalyptus, based on internal transcribed spacer /751, ITS2 and plastid genomes rpoCl,
matK, rbcL and ycf1.
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Abstract

One of the main problems faced in several Eucalyptus breeding programs is the difficulty to
identify the species and hybrids. This study aimed to find molecular markers associated with
five species of Eucalyptus (E. saligna, E. tereticornis, E. urophylla, E. grandis and E.
brassiana), by AFLP (Amplified Fragment Length Polymorphism) markers and BSA (Bulk
Segregant Analysis), for their use in breeding programs. In 33 primer combinations, a total of
868 polymorphic fragments was obtained, which represent a 91.65% of polymorphism. The
best combinations that show potential markers for species identification were the primers M +
GGT / E + ACC, which was linked to 70% of E. urophylla individuals. However, primer
combination composed of M+GGA/E+ACC identified 60% of individuals in the E. saligna
species; combination by the primers M+GTC/E+AAC, confirmed two marks, one in 60% and
the other in 50% of E. grandis individuals in the identification test. The treatment composed
by the primers M+GGC/E+AAA, was confirmed in only 30% of E. brassiana individuals,
being the same for the combination M+GGC/E+ACC primers, identifying 30% of E.
tereticornis individuals. The AFLP analysis and BSA provide a quick tool for the

identification of cultivars in eucalypts and can also be used to assist forest breeding programs.

Introduction

Eucalyptus are planted on a large scale due to their high productivity obtained by breeding
program that explored the adaptability of genus species to different environmental conditions
(GONCALVES et al., 2013). To know the species that are being worked in the breeding
program is important for the strategic planning, especially to identify interspecific hybrids and
germplasm conservation (MARCUCCI et al. 2003; BALLESTA et al, 2015). Overall, a good
breeding program selects the best individuals in intrafamily level, increasing the plantations
productivity performance and industrial products quality (GRATTAPAGLIA and KIRST,
2008).

Brazilian forest breeding programs aim to provide for all brazilian regions enough genetic
variability in order to obtain plants adapted to different environments to attend the demand for
wood (LEITE et al., 2011; FORRESTER and SMITH, 2012). However, one of the problems
is the difficulty to identify the species, especially in hybrid combinations (GRATTAPAGLIA
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et al., 2004). In this context, the incorporation of molecular biology techniques in plant
breeding programs is allowing the optimization of time and the conduction of these programs,
being the hybrid plants, selected for planting most of the time (PONGITORY et al., 2004;
SOARES et al., 2010). In Eucalyptus the hybridization strategy can significantly increase
production and adaptability in the resulting progeny, while the hybrid plants are commonly
selected to be part of the commercial plantation, selection based on phenotypic superiority

and genetic stability (POTTS and DUNGEY, 2004).

A tool to assist the breeding programs are the molecular markers. Bulked segregant analysis
(BSA) is a method introduced by MICHELMORE et al. (1991), which has been used to
identify molecular markers linked to a monogenic, dominant or recessive trait. The technique
consists in comparing two sets of DNA samples from a segregating population, where each
bulk is composed of individuals from the same species that have the same trait or gene of
interest (BLANCO and VALVERDE, 2005; FUCHS et al., 2011). The AFLP (Amplified
Fragment Length Polymorphism) markers are high efficient for detecting polymorphism of
genomic restriction fragments by PCR amplification (polymerase chain reaction) (VOS et al.,
1995). These markers are applied in genetic diversity studies in germplasm banks (RIVERA-
JIMENEZ et al., 2011) and allow us to obtain a large number of tags randomly distributed in
the genome (VOS et al., 1995).

This study aimed to identify molecular markers associated with five species of Eucalyptus

through AFLP molecular markers and bulked segregant analysis (BSA).

Material and Methods

A total of 10 individuals from five Eucalyptus species was provided by Suzano Papel e

Celulose SA (Table 1).
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Table 1. - Proceedings of Eucalyptus species studied.

Species Origin Number of plants
Eucalyptus brassiana Embrapa — CSIRO 10972 (North 10
Moreton, QLD, Australia)
Eucalyptus saligna Coffs Harbour (Australia) 10
Eucalyptus grandis Coffs Harbour (Australia) 10
Eucalyptus urophylla IPEF — Timor 10
Eucalyptus tereticornis ~ Embrapa — CSIRO 10975-8140 10

(Cooktown e Laura, QLD, Australia)

Genomic DNA was extracted according to the CTAB protocol described by DOYLE and
DOYLE (1990), with some modifications as follow: 5% CTAB, removing the proteinase K
extraction buffer; CIA step (chloroform: isoamyl alcohol 24: 1), was carried out only once;
and finally, it was removed the cleaning step with NaCl to extract the DNA from fresh leaves.
For each sample, approximately 50 mg of fresh leaf tissues was macerated without main vein.
Quantification was performed in spectrophotometer Nano Drop®- ND1000. The DNA used
in the amplification reactions was absent of impurities and phenolic compounds, diluted to a

concentration of 50 ng/ul in autoclaved ultra pure water.

We worked with E. saligna, E. tereticornis, E. urophylla, E. grandis and E. brassiana species,
building a bulk for each specie composed of 10 individuals, in a DNA concentration of 10
ng/uL per individual and the final concentration of each bulk were 100 ng/uL. The DNA
bulks were screened for polymorphic markers using AFLP markers in order to identify

polymorphisms associated with each specie.

AFLP protocol was adapted from VOS et al. (1995). Genomic DNA was digested with a
combination of two enzymes, EcoRI + Msel. 700 ng of DNA were digested with 5U per
enzyme, 5 uL of One Phor All buffer (OPA, Amersham), 0.5 uLL of BSA (10 ug / uL) in a
final volume 50 uL. The reaction was incubated at 37 © C for 16 hours. Amplified products
were visualized after electrophoresis in 0.8 % agarose gel in 1x TBE (Tris-borate-EDTA)

stained with ethidium bromide and visualized under UV light transilluminator. The EcoRI
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adapter was diluted to 5 pM solution containing 0.5 x One Phor All buffer 10x (OPA). The
Msel adapter was diluted to 50 pM solution 0.5 x One Phor All buffer 10 x (OPA). The
hybridization of adapters was performed in a thermocycler model PTC-100 (MJ Research ®)
in a reaction consisted of 10 min 65 © C, 10 min at 37 ° C and 10 min at 25 ° C. The adapters
were ligated to the DNA fragments in a reaction containing 1 uL of the enzyme T4 DNA
ligase buffer (10x), 1 uL of each adapter (5 or 50 pM), 3U T4 DNA ligase (Invitrogen,
Carlsbad CA, USA), 6.67 uL of ultrapure water and 45 uL digested DNA solution. Ligation
was performed at 17 ° C for 17 hours. There were four combinations of primers in the pre-
amplification reactions (Ea / Mg and Ea / Mc), primers with complementary sequences to
each of the adapters plus one selective nucleotide at the 3 'end (Table 2). The reactions were
composed with 1 uL of each primer (25 ng / uL), 10 uL PCR Master Mix (Promega ®), 6 uL.
Nuclease-Free Water and 2 uL digested and ligated DNA in a final amount of 20 uL. The
program for preamplification was: 94 ° C for 2 min, 26 cycles of 94 ° C for 1 minute, 56 ° C
for 1 minute, 72 © C for 1 minute and a final extension at 72 ° C for 5 minutes. In the product

of this reaction was added 80 uL of ultrapure water.

Table 2. - Sequence of the adapters and primers used in the binding reactions, pre-
amplification and amplification of the AFLP technique.

Adaptor or primer Oligonucleotide
EcoRI adaptors 5" CTCGTAGACTGCTACC 3°

5" AATTGGTACGCAGTCTAC 3’
Pre-selective amplification primer N: T ou A 5" GACTGCGTACCAATTCN 3’
Selective amplification primer NNN: AAA, 5" GACTGCGTACCAATTCNNN 37
Msel adaptors 5" GACGATGAGTCCTGAG 3’

5" TACTCAGGAACTCAT 3’
Pre-selective amplification primer N: T ou A 5" GATGAGTCCTGAGTAAN 3’
Selective amplification primer NNN: AAA, 5" GATGAGTCCTGAGTAANNN 3’

We tested 33 primers combinations for selective amplification (Table 3). In these reactions
were used primers with sequences containing more three selective nucleotides at the 3 'end
(Table 2), composed of 1 uL of each primer (25 ng / uL), 10 uL PCR Master Mix (Promega
®), 6 uL Nuclease-Free Water and 2 uL of pre-diluted reaction, in a final volume of 20 uL.
The conditions for selective amplification was: 94 © C for 2 min, 12 cycles of 94 ° C for 30
seconds, 65 ° C for 30 seconds and 72 ° C for 1 min, 23 cycles of 94 ° C for 30 seconds, 56 °

C for 30 seconds and 72 ° C for 1 min, with final extension at 72 ° C for 2 minutes. After that,
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were added 8 uL of loading buffer (10 uL of formamide, 200 of 0.5M EDTA pH 8.0, 10 mg
of bromophenol blue and xylene cyanol 10 mg). The samples were denatured for 5 minutes at
94 ° C and visualized after electrophoresis in a 6% polyacrylamide gel, 0.5 mm thick with the
System "Sequi-Gen GT" (BioRad ®) 38 x 50 cm, stained with silver nitrate according to the
protocol proposed by Hast et al. (2001). In cases of polymorphic fragments, their size was

estimated by comparison with standard molecular weight of 100 bp (Promega ®).

In the band analysis, we considered especially those located between 200 and 700 bp. The
bands located in the associated group in each species were taken as the model for the species
molecular characterization. For each combination of primers, the amount of polymorphic
bands and the percentage of each combination was established in the five bulk. In each of the
combinations tested was taken as polymorphism any band that was different compared to the

species group.

Table 3. - Combinations of primers used to obtain Eucalyptus AFLP markers.

Treatment  primer combinations Treatment  primer combinations  Treatment  primer combinations

MSel EcoRI MSel EcoRI MSel EcoRI
1 GTG AGA 12 CAA AAC 23 GAA AAA
2 GTG AGC 13 CAA AAA 24 GAA AAC
3 GTG AGG 14 CAT AAA 25 GAA ACC
4 GTG ACA 15 CAT AAC 26 GGC AAA
5 GTT AGC 16 CAT ACC 27 GGC AAC
6 CAG AAC 17 CCT AAA 28 GGC ACC
7 CAG AAA 18 CCT AAC 29 GGT AAA
8 CAG ACC 19 CCT ACC 30 GGT ACC
9 CAC AAC 20 GTC AAA 31 GGA AAA
10 CAC AAA 21 GTC AAC 32 GGA AAC
11 CAC ACC 22 GTC ACC 33 GGA ACC

Results

Based on the DNA mixture of individuals of each species was generated an AFLP profile of
the five bulks by 33 primer combinations, resulting in 803 polymorphic fragments with

91.65% of polymorphism, the minimum and maximum number of fragments per primer was
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nine and 62 fragments, respectively. Figure 1 and 2 shows the pattern of fragments formed by
the DNA bulk and polymorphism found by BSA method. Considering each AFLP fragment
as an independent locus, 868 different fragments were analyzed. The standard AFLP bands

proved to be consistent and highly reproducible.

Figure 1. - Banding pattern formed by bulk DNA. They are suitable candidate markers
associated with specific species in Eucalyptus. *Rail 1= E. brassiana, rail 2= E. saligna, rail
3= E. tereticornis, rail 4= E. europhylla, rail 5=E. grandis. MP= DNA Ladder 1 Kb.
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Figure 2. - Total primers and polymorphisms found in the BSA. Each combination was
generated by EcoRI and Msel primer carrying a specific sequence of 3 nucleotides. The
numbering corresponds to the number of specific primers shown in Table 1.

A total of 67 markers was identified to be Eucalyptus specie specific, raging between 200 bp
and 700 bp, according to each primer set. It was found seven candidate fragments for E.
brassiana, 18 fragments for E. saligna, 12 for E. tereticornis, 13 fragments for E. urophylla
and 17 fragments for E. grandis (Table 4). In the gel for treatment 21 to 27, candidate marks
were identified by bulk DNA to identify the species under study.
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Table 4. - Primer combinations used for obtaining bands associated with the identification of
Eucalyptus species.

primer DNA candidate
Treatment combinations Bulk fragments
Msel  EcoRI spl/E. sp2/ E. sp3/E. Sp4/E. spS/E.
primer  primer  brassiana  saligna tereticornis  europhylla  grandis

1 GTG AGA 0 1 1 0 0 2
2 GTG AGC 0 2 0 0 0 2
3 GTG AGG 0 0 0 0 1 1
4 GTG ACA 0 2 3 0 0 5
5 GTT AGC 0 2 0 0 0 2
6 CAG AAC 0 1 0 0 5 6
7 CAG AAA 0 0 0 2 0 2
8 CAG ACC 0 0 1 1 1 3
9 CAC AAC 0 0 0 0 1 1
10 CAC AAA 0 0 0 0 0 0
11 CAC ACC 0 0 0 0 0 0
12 CAA AAC 0 0 0 0 1 1
13 CAA AAA 0 0 1 0 0 1
14 CAT AAA 0 0 0 1 0 1
15 CAT AAC 0 1 0 0 0 1
16 CAT ACC 0 0 0 0 0 0
17 CCT AAA 0 1 1 0 1 3
18 CCT AAC 0 0 0 0 2 2
19 CCT ACC 0 0 0 0 0 0
20 GTC AAA 0 0 1 0 1 2
21 GTC AAC 0 0 0 1 3 4
22 GTC ACC 0 1 1 1 0 3
23 GAA AAA 0 0 1 1 1 3
24 GAA AAC 0 0 0 0 0 0
25 GAA ACC 0 0 0 0 0 0
26 GGC AAA 2 0 0 0 0 2
27 GGC AAC 0 2 0 1 0 3
28 GGC ACC 2 0 0 4 0 6
29 GGT AAA 0 0 1 0 0 1
30 GGT ACC 1 0 0 1 0 2
31 GGA AAA 0 1 0 0 0 1
32 GGA AAC 1 2 0 0 0 3
33 GGA ACC 1 2 1 0 0 4

Total 7 18 12 13 17 67
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Of the 33 primers tested, the best combinations for species identification was T30 treatment,
composed of M + GGT / E + ACC primer, which detected 70% of E. urophylla individuals.
The treatment T33 (M + GGA / E + ACC primer) identify 60% of E. saligna individuals; the
T21 treatment (M+GTC/E+AAC primer), had two markers, one 60% and the other 50% in the
identification of E. grandis individuals. In T26 treatment (M+GGC/E+AAA primer), there
was only confirmed 30% of E. brassiana individuals, and also for T28 treatment (M + GGC /

E + ACC primer), was detected 30% of E. tereticornis individuals (Figure 3).

E. brassiana E. saligna E. tereticornis E. urophylia E. grandis

30% 60% 30% 70% 60-70%
T26 T33 T28 T30 T21

Figure 3. - Standard bands formed by DNA bulk open. For confirmation marks associated
with specific species in Eucalyptus. *spl= E. brassiana, sp2= E. saligna, sp3= E. tereticornis,
sp4= E. europhylla, sp5=E. grandis. MP= DNA Ladder 1 Kb.

The combinations presented in this study show a high degree of polymorphism identifying
candidate fragments for the species identification, with an average of 95.65%. However, once
the bulk was opened, DNA detection power has decreased, from 30 to 70% of fragment

frequency.

24



Discussion

The use BSA efficiency has been witnessed in other studies on the identification of markers
linked to the genes that control resistance to rust on Eucalyptus sp. identifying polymorphism
genetically linked to the characteristic resistance groups (ZAMPROGNO et al., 2008). LEITE
et al. (2011) considers these primer combinations highly informative, being common and
polymorphic in the Fucalyptus genome which makes these sequences valuable for the design

of the other primer to generate polymorphisms, both for linkage maps or physical maps.

According to DOMINGUES et al. (2006), BSA technique allowed the identification of
molecular markers linked to early flowering in E. grandis by RAPD (Random amplified
polymorphic DNA) and SCAR (Sequence Characterized Amplified Region) with 60% of
efficiency, confirming the usefulness of this technique as a molecular tool. These studies
show that for an effective exploitation of bulked segregant analysis method, the only

requirement is the existence of a segregating population of a gene of interest

(MICHELMORE et al. 1991).

MELLISH et al. (2002), exploring the genetic diversity of the forage populations from the
genus Agropyron spp. opted to use bulk and AFLP markers in identifying intra-population
variation. Likewise, HERRMANN et al. (2005), worked with bulk by AFLP analysis to
determine the genetic diversity and relationships within and among red clover populations
(Trifolium pratense L.). The bulk analysis in white clover plants (7rifolium repens L.) by
AFLP markers proved to be a powerful tool for the fast screening of genetic variability to
identify cultivars (KOLLIKER et al. 2001). According to MICHELMORE et al. (1991), BSA
technique is a method that allows the identification of markers in specific genomic regions
linked to any specific gene or genomic region. ZHU et al. (1998) raised some questions about
the effectiveness of DNA bulks in relation to the low sensitivity to detect polymorphism using
AFLP markers. However, in forest recently FUCHS et al. (2015) detected a marker totally
linked genes associated with abnormal seedlings of eucalyptus who died in a few months by

BSA technique.
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However, when analyzed the bulks in studies with onion, barley, potato, lettuce, cabbage, and
linen, the frequency of fragments was reduced below 50%, concluding that by using this
method was not found a practical approach to detect genetic polymorphisms (VAN
TREUREN, 2001). GUTHRIDGE et al. (2001) showed that profiles generated from
individual samples could be or not present in the bulk samples, showing a high relationship

between the frequency of occurrence and the presence of fragments in bulk samples.

Conclusions

The BSA method allowed to select a series of polymorphic AFLP markers associated with
different eucalyptus species, confirming 70% of E. urophylla and 60% of E. saligna and E.
grandis individuals. These molecular markers can be used as auxiliary tool to the rapidly and

efficiently identification of Eucalyptus species.
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Abstract

The forest-breeding program in Brazil has the general objective of providing most adapted
plants for different environments, the breeding programs have some trouble in species
identification. DNA barcoding was expected to be an effective tool for species identification
in Eucalyptus. Fourteen Eucalyptus species were selected from the forest-breeding program in
Brazil and tested four regions in the plastid genome (matK, rbcL, rpoC1 and ycfI), a nuclear
transcribed spacer (ITS1+ITS2, herein ITS region) and their combinations, in order to
discriminate them at species level. Among the evaluated loci, ITS, rbcL, rpoCI1, matK had the
highest success rate for amplification (100%), followed by a low percentage of success by
vefl (67.14%). The “best match” and “best close match” approaches revealed a rate of correct
species identification ycf1+ITS+matK (62.16%) followed by matK+ITS1 (61.64%) loci.

Neighbour-joining cluster analysis indicated the highest degree of the 25 possible
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combinations of the five regions; three provided the highest degree of species resolution
(78.6%). Among these, a combination of ITS+rbcL, I1TS+matK+rpoCIl and
ITS+rbcL+rpoCl, which comprises two and three DNA regions, is the best option for

barcoding of Eucalyptus species.

Introduction

In many industrial sectors there is a great demand for Eucalyptus wood because of its use in
pulp and the paper and cellulose production, coal, resin, construction, latex, cosmetics and
essences, it is considered the most planted forest genus around the world (1). The forest
breeding program has the general objective of providing the various Brazilian regions with
sufficient genetic variability in such a way that gets more plants adapted to different
environments, to meet timber demands for multiple uses (2). However one of the main
problems found in different forest breeding programs is the existing difficulty to identify the
different species and hybrids. In this context, incorporation of molecular biology techniques
in plant breeding programs is allowing the optimization of the time and the direction of these
programs, especially among those of the same subgenus, considerably increasing the gain in

terms of production and adaptability in the progeny resulting from the process of selection

(1,3).

The latest and most promising applications of molecular biological methods for the detection
of units is the use of small DNA fragments, DNA barcoding, as identification tool for species
proposed by Hebert et al. (2003). In animals the mitochondrial gene Cytochrome oxidase
subunit 1 (COI or COX1) is well established as DNA barcoding, butthe standardization plant
still remains unclear (4-6). Significant progress has been make in the DNA barcoding of

higher plants, and the following core DNA barcodes have been proposed: the nuclear internal
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transcribed spacer (ITS1 and ITS2) and several plastid genome regions such as atpF—atpH,
trnH-psbA, psbK—psbl, matK, rbcL, rpoB, rpoCI and ycfI that are frequently used in plant
molecular identification, but the combination accepted by community as a standardized DNA
barcode region for plants is the combination of matK and rbcL regions (7-10). Unfortunately,
in several orders this approach is not suitable for differentiate the majority species, being
necessary the use of others most variable regions (11). Phylogenetic studies of Myrtaceae
genus was performed using the sequences of the nuclear ITS region and the sequences of
chloroplast (psbA-trnH) (12). Moreover, Steane et al. (2007) suggested that non-coding
regions (the nuclear ITS region intergenic spacer) have potential in Eucalyptus and other
related genus (Corymbia and Angophora) in phylogenetic analysis, this region also to been

used to support monophyletic groups in Eucalyptus species of the genus Corymbia (14).

Due to the great importance of developing new molecular markers for efficient and reliable
way of Eucalyptus to help the different programs of forest breeding to identify species and
hybrids allowing the optimization of time and direction of these programs, in this study, we
assessed six candidate barcodes by sampling 14 species of Eucalyptus using various
evaluation methods with the following aims: (1) propose a more practical and universal
barcode for Eucalyptus and (2) test the effectiveness of DNA barcoding for the identification

of Eucalyptus species.

Materials and Methods

Plant materials, DNA extraction, PCR amplification, sequencing and public sequences

We analyzed 14 Eucalyptus species that are maintained at Instituto de Pesquisas e Estudos
Florestais (IPEF) and Suzano Papel e Celulose SA (Suzano). A minimum of five individuals

of each of Eucalyptus species were sampled (Table 1). As a result, a total of 70 specimens
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were analyzed. Young leaves (with petiole and stem) were detached from each plant, and a 1
cm® piece of leaf tissue was desiccated in an airtight plastic bag containing silica gel. A total
DNA of was isolated using a modified CTAB 5% protocol (15). PCR products for two
nuclear internal transcribed spacer (ITS1 and ITS2) and four plastid barcodes (the coding
genes rpoCl, matK, rbcL and ycfl) were amplified and sequenced using universal primers
(11,16—18) (Table 2). The selected DNA regions were amplified by PCR. The PCR mix (10
ulL) contained approximately 50 ng (1 pL) of template DNA, SulL of 2xPCR Mastermix
(0.005 units/uL Taq DNA polymerase; 4mMMgCl2; and 0.4mM dNTPs, Promega), 0.6 puL
(10 uM) of each primer and 2,8 puL. of ddH20. The sequencing reactions were performed in
both directions using the Applied Biosystems Prism Bigdye Terminator Cycle Sequencing Kit

V 3.0 (Applied Biosystems).

Table 1. Classification and origin (Brazil) of the genus Eucalyptus and Corymbia species

analyzed in this study

Code Species Genus Subgenus Section Collection site Origins
He E. Corymbia henryi | Corymbia Ochraria E. E. Itatinga-SP' Lockyer (Australia)
Ar E. argophloia Eucalyptus | Symphyomyrtus |Adnataria E. E. Itatinga-SP' SO bulk (Australia)
Mol E. moluccana Eucalyptus | Symphyomyrtus | Adnataria E. E. Itatinga-SP' Ravenshoe (Australia)
Ce E. crebra Eucalyptus | Symphyomyrtus |Adnataria E. E. Itatinga-SP' 33.9K NW BARADINE PO (Australia)
Bro E. brookeriana Eucalyptus | Symphyomyrtus |Maidenaria E. E. Itatinga-SP' OTWAYS (Australia)
Mac E. macarthurii Eucalyptus | Symphyomyrtus |Maidenaria E. E. Itatinga-SP' Paddys River, N (Australia)
Lo E. longirostrata Eucalyptus | Symphyomyrtus |Latoangulatae |E. E. ltatinga-SP' STARKVALE CREEK (Australia)
Ma E. major Eucalyptus | Symphyomyrtus |Latoangulatae |E. E. Itatinga-SP' 27K SE GYMPIE (Austrélia)
S E. saligna Eucalyptus |Symphyomyrtus |Latoangulatae |Itatinga-SP? Coffs Harbour (Australia)
G E. grandis Eucalyptus | Symphyomyrtus |Latoangulatae |Sio Miguel Arcanjo-SP? |Coffs Harbour (Austrélia)
U E. urophylla Eucalyptus | Symphyomyrtus |Latoangulatae | Angatuba- SP* IPEF — Timor
T E. tereticornis Eucalyptus |Symphyomyrtus |Exsertaria Acailandia- MA® Embrapa — CSIRO 10975-8140 (Cooktown e Laura, QLD, Australia)
B E. brassiana Eucalyptus | Symphyomyrtus | Exsertaria Urbano Santos-MA° Embrapa — CSIRO 10972 (North Moreton, QLD, Austrélia)
Am E. amplifolia Eucalyptus | Symphyomyrtus |Exsertaria E. E. Itatinga' NERONG S.F. (Australia)

1. E. E. Itatinga - Latitude: 23° 10' S Longitude: 48° 40' W Altitude: 857 m. IPEF; 2. Itatinga - Latitude: 22° 53’S Longitude: 48°26"W
Altitude: 800m. Suzano company; 3. Sdo Miguel Arcanjo - Latitude: 23°52°S Longitude: 47°59"W Altitude: 650 m. Suzano company; 4.
Angatuba - Latitude: 23°47’S Longitude: 48°42°W Altitude: 650 m. Suzano company; 5. Agailandia - Latitude: 23°47’S Longitude: 48°42"W
Altitude: 650 m. Suzano company; 6. Urbano Santos - Latitude: 3°12°S Longitude: 43°24"W Altitude: 50 m. Suzano company.
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Primer design matK and rbcL

Initially we used the matK and rbcL primers described by Tokuoka & Tobe (2006), however
these primers not successfully amplified, therefore new primers for this region were designed.
A total of 34 matK and rbcL sequences the deposited in GenBank were downloaded and
extracted from the plastid genomes Eucalyptus (Table S1). All these complete genomes of
chloroplasts were manually adjusted with the Bioedit software (19). Alignments we made
using the algorithm MUSCLE (Multiple Sequence Comparison by Log-Expectation) (20).
These sequences were used as initial templates for the design of several primer pairs spanning
the roughly identified regions for each group using Primer3 v 0.4.0 (21). The successfully

amplified fragments were finally sequenced (Table 2).

Table 2. List of primers used for PCR and sequence in this study

Region primer Sequence 5'’-3' Tm (°C) Reference

ITS1 Safwd CCTTATCATTTAGAGGAAGGAG 50 17
4 ver TCCTCCGCTTATTGATATGC

ITS2 S2F ATGCGATACTTGGTGTGAAT 56 a7
S3R GACGCTTCTCCAGACTACAAT

rpoCl 1F GTGGATACACTTCTTGATAATGG 53 (16)
4R CCATAAGCATATCTTGAGTTG
*bcL  fwd CTTGGCAGCATTCCGAGTA 62 This study

Rev CGGCTTCGATCTTTTTCAAT

*matK  fwd GACAATGATCCAATCAGAGGAA 62 This study
Rev TCGAAAATGCAGGTTATGACA

ycfl ycflbF  TCTCGACGAAAATCAGATTGTTGTGAAT 57 (11)
ycfIbR  ATACATGTCAAAGTGATGGAAAA

* Primer developed in this study
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Data analysis

DNA barcodes candidates were edited with BioEdit software, version 7.0.9.0 (19).
Informative polymorphic characters were identified by MEGA6 (22). Alignment of the
sequences was executed by MUSCLE program (20). Eventually manual adjustments were
made through BioEdit software. The different locus combinations were partitioned for
independent model assessment at each marker. Sequence distances were computed using
Neighbor-joining (NJ) analysis with Kimura 2-Parameter (K2P) model (23). The program
TaxonDNA (24) was used to test the accuracy of species assignments, cluster analysis and
distribution of interspecific and intraspecific distances in the dataset. This analysis determines
the closest match of a sequence from comparisons with all other sequences in an aligned data
set. The similarity threshold is then established on the frequency distribution of the
intraspecific pairwise distances. The threshold is set at a value below which 95% of all
intraspecific pairwise distances are found (24). To test the accuracy of species assignments of
the samples, “best match”, “best close match” and “all species barcodes” functions of the
program were used. Number of clusters produced by each locus or a combination of loci at
1% and 0.5% threshold were determined by the ‘cluster’ function that identifies clusters of
similar sequences. Although there is no ‘cut-off” threshold reported in plant barcode literature
for the species discrimination, our intent was to test the efficiency of each barcode or
combination of barcodes to produce single-species clusters at a set threshold. Distribution of
pairwise interspecific and intraspecific distances in the dataset for each locus or combination

of loci was analyzed by the “pairwise summary” function of the program.

Consensus barcodes were used in NJ cluster analysis to visualize the patterns of sequence
divergence among taxa using MEGAG6 (22). Node support was assessed by bootstrap test
(1000 replicates) (25). The trees were drawn to scale with branch lengths in the same units as
those of the evolutionary distances used to infer the phylogenetic tree. We employed a tree-
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based method to evaluate the degree of species resolution (identification). Each barcode
region and possible combinations of the regions were evaluated for the degree of species
resolution they provided. For each set of data, the degree of species resolution for barcode
regions was calculated as a percentage of the total number of species correctly identified in
the NJ tree divided by the total number of species examined in the study. Species were
determined in the NJ tree by examining pairwise branch lengths; if two species were
separated by a branch length greater than zero and bootstrap greater than 50%, they were
considered as separate species. Although this method does not address the differences of
insertion and deletion between sequences, it approximates the degree of species

differentiation for a given DNA barcode region based on sequence similarity.

Results

PCR amplification and sequencing

The sequence information of five candidate DNA barcode markers, ITS, rpoCl, matK, rbcL,
and ycf1, is provided in Table 3 (and in S1 File). Sequencing success rates were 87.14%
(ITS), 88,57% (rpoCl), 87,14% (matK), 80% (rbcL) and 40% (ycf1). We used the complete
ITS region (I7S1-5.85-1TS2) as a single barcode locus. Unfortunately for ycfI, the universal

primer proposed by Dong et al. (11) did not returned a great amplification success.
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Table 3. Summary statistics for potential barcode loci from five Eucalyptus species

ITS rpoCl  “*matK *rbcL  yefl

Universality of primers Yes Yes Yes Yes Partial
Percentage PCR success (%) 100 100 100 100 67.14
Percentage sequencing success (%) 87.14  88.57 87.14 80 40
Length of aligned sequence (bp) 800 594 892 840 663

No. of parsimony informative sites/variable 94/138 8/29.0  32/85  25/77 71/190
sites

No. of species samples (individuals) 81 64 81 67 26
Ability to discriminate (NJ) 57% 7.1% 28.5% 14.3% 43%

* Primer developed in this study

Intra-specific variation and inter-specific divergence

The aligned sequence lengths ranged from 892 bp for matK to 594 bp for rpoCI (Table 3 and
S2 File). The ITS region had the most variable sites and parsimony-informative traits,
followed by ycfl (Table 2). The pairwise intraspecific distances in the thirty barcodes
(combined or not) ranged from a minimum of 0.0% to a maximum of 9.92% (Table 4). The
mean intraspecific distances were the minimum for 7poC1 (0.10%) and the maximum for ycf7
(2.5%). The pairwise interspecific distances in the thirty barcodes ranged from a minimum of
0% to a maximum of 14.7% (Table 3). The mean interspecific distances were minimum for
rpoC1 (0.25%) and maximum for ycfl (4.5%), in summary, ycfI exhibited the highest mean
intra- and interspecific distance. A combination of sequences of different barcode loci
increased the intraspecific and interspecific mean distances (Table 4). The data showed

obvious overlapping between intraspecific and interspecific distances of the individual or
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combined sequences (Table 4). This overlapping was minimum (26.97%) in ITS sequences

and maximum (94.34%) in the two-gene combination (matk+rpoC1) (Table 4).

Table 4. Summary of the pairwise intraspecific and interspecific distances in the barcode loci of

Eucalyptus species.

overlap with 5% error

Barcode locus Intraspecific distances (% Interspecific distances (%) margin on both sides
Intra-
Overlapping /interspecific
(no. of sequences) distance sequences in
Min Max Mean Min  Max Mean range the overlap
ITS (81) 0.0 2.58  0.73 0.0 11.6  3.00 0.80-1.83 26.97%
rpoCl1 (64) 0.0 14 0.10 0.0 1.8 0.25 0.0-0.68 92.46%
matK (81) 0.0 415 033 0.0 8.08 0.84 0.0-1.57 91.75%
rbeL (67) 0.0 242 039 0.0 412  0.68 0.0-2.03 93.57%
ycf1(26) 0.0 7.00 25 0.0 147 45 0.64-7.07 71.07%
ITS+rbecL(72) 0.0 263  0.65 0.0 10.53 1.94 0.4-1.73 61.07%
ITS+rpoC1 (72) 0.0 148  0.17 0.0 10.5 198 0.46-1.78 61.99%
rbcL+rpoC1 (70) 0.0 1.49  0.30 0.0 342 0.50 0.0-1.05 89.74%
matK+ITS (73) 0.0 292 0.6l 0.0 10.53 1.93 0.5-2.02 69.17%
matK-+rpoCl (72) 0.0 415 029 0.0 451 0.63 0.0-1.73 94.34%
matk+rbceL (70) 0.0 202 033 0.0 451 075 0.11-1.69 85.65%
ycf1+ITS (73) 0.0 3.09 096 0.0 11.71 2.97 0.88-2.51 60.38%
ycfl+matK (69) 0.0 415 057 0.0 936 1.07 0.0-3.91 93.22%
ycfl+rbeL (66) 0.0 296  0.62 0.0 936 092 0.0-2.32 89.83%
ycfl+rpoCl (66) 0.0 6.22  0.53 0.0 12.93 0.68 0.0-2.73 93.21%
ITS+rbcL+rpoCl (67) 0.0 2.13 033 0.0 10.13 1.53 0.35-1.27 54.54%
matK-+rbcL+rpoCl1 (72) 0.0 1.69 0.28 0.0 451 0.61 0.08-1.25 84.5%
ITS+matK+rpoC1 (73) 0.0 292 052 0.0 10.13 1.52 0.44-1.49 66.41%
matK+ITS+rbeL (73) 0.0 263 055 0.0 10.53 1.6 0.41-1.51 63.34%
yef1+ITS+rbeL 0.0 255 072 0.0 10.53 2.04 0.47-2.04 66.15%
yef+HITS+rpoCl 0.0 3.09 0.72 0.0 11.39 2.14 0.51-2.13 66.27%
yef1+ITS+matK (74) 0.0 292  0.70 0.0 10.53 2.01 0.52-2.29 70.42%
ycfl+matK+rbcL (71) 0.0 255 047 0.0 936 0.89 0.12-1.89 82.67%
ycfl+matK+rpoCl (73) 0.0 4.15 042 0.0 936 0.77 0.0-2.18 91.48%
yefl+rpoCl+rbeL (71) 0.0 255 044 0.0 936 0.66 0.0-1.66 91.56%
matK+ITS+rbcL+rpoC1 (73) 0.0 2.63 050 0.0 10.13 1.33 0.36-1.15 57.78%
ycf1+ITS+matK+rbeL (69) 0.0 255 059 0.0 10.53 1.68 0.43-1.63 65.64%
yef1+ITS+matK+rpoC1 (73) 0.0 992  0.59 0.0 10.13  1.60 0.45-2.04 72.51%
ycfl+matK+rbeL+rpoCl1 (73) 0.0 2.55 040 0.0 936 0.73 0.08-1.47 83.05%
ycf1+ITS+matK+rbcL+rpoCl1 (74) 0.0 253  0.55 0.0 10.13 1.4 0.39-1.73 73.19%

Species discrimination

For the analysis using TaxonDNA the number of correct species identifications using “best
match” or “best close match” were favorable in for the majority the five loci or their
combinations, as in all the cases the identification success was >60% (Table 5). The
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combinations ycfI+ITS+matK had the highest success rate for the correct identification of
species (Best match: 62.16%; Best close match: 62.16%), followed by matK+ITS and
vefl+ITS+matK+rpoCI1. The combinations ycfi+rpoCI (Table 5) had the lowest
discrimination success rate (Best match: 9.09%; and Best close match: 9.09%). On the basis
of “all species barcodes”, the identification success was maximum in ycfl+matK (28.98%)
followed by rpoC1 (23.43%) and matK (19.75%) (Table 4). To evaluate efficacy of the genes
to produce species-specific clusters, we used the “cluster” function of the TaxonDNA at two
different thresholds, 1% and 0.5%. At a 1% threshold, ycfI performed better by producing 12
clusters, and 11 of those clusters included only one species (Table 6). At a 0.5% threshold, the
combination of ycfI+ITS produced the maximum number of clusters (20), but the number of
clusters with only one species was 12 (Table 6). For the tree-based analysis, the performance
of candidate barcodes at discriminating species were summarized in Figure 1. Tree-based
analysis can provide a means for evaluating discriminatory performance by calculating the

proportion of monophyletic species in the tree.
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Table 5. Identification success based on the “best match”, “best close-match” and “all

species barcodes” function of the program TAXON- DNA for Eucalyptus species

Barcode locus

Best match

Best close match

All species barcodes

Correct Ambiguous Incorrect

Correc Ambiguous Incorrect

Correct Ambiguous Incorrect

Y% % Y% % % % % % Y%
ITS 55.00 18.75 26.25 55.00 18.75 26.25 10.00  88.75 1.2
rpoCl 10.93  82.81 6.25 10.93 82.81 6.25 23.43  76.56 0.0
matK 23.45 69.13 7.4 2222 69.13 6.17 19.75  71.77 0.0
rbcL 16.41 67.16 16.41 14.92  65.67 16.41 13.43  83.58 0.0
ycfl 2692 7.69 65.38 26.92  7.69 65.38 11.53  88.46 0.0
ITS+rbcL 44.44 833 47.22 4444 833 47.22 6.94 93.05 0.0
ITS+rpoC1 3333 1527 51.38 3333 15.27 51.38 1.38 98.61 0.0
rbeL+rpoCl 15.71  78.57 5.71 15.71 78.57 5.71 4.28 95.71 0.0
matK+ITS 61.64 547 32.87 61.64 547 32.87 15.06  83.56 1.3
matK+rpoC1 13.88  81.94 4.16 13.88 81.94 4.16 13.88  86.11 0.0
matk+rbcL 18.57  50.0 31.42 18.57 50.0 31.42 12.85 87.14 0.0
yef1+ITS 57.53 821 34.24 57.53 8.21 34.24 8.21 91.78 0.0
ycfl+matK 27.53  66.66 5.79 27.53  65.21 5.79 28.98  68.11 1.4
yefl+rbeL 18.18  63.63 18.18 18.18 63.63 18.18 3.03 96.96 0.0
ycfl+rpoCl 9.09 78.78 12.12 9.09  78.78 12.12 18.18  81.81 0.0
ITS+rbcL+rpoCl 46.26  7.46 46.26 46.26 7.46 46.26 5.97 94.02 0.0
matK+rbcL+rpoCl1 16.66  48.61 34.72 16.66 48.61 34.72 6.94 93.05 0.0
ITS+matK+rpoCl1 60.27 4.1 35.61 60.27 4.1 35.61 10.95 89.04 0.0
matK+ITS+rbcL 58.9 0.0 41.09 589 0.0 41.09 9.58 90.41 0.0
yef1+ITS+rbcL 52.17 5.79 42.02 52.17 5.79 42.02 10.14  89.85 0.0
yef+HTS+rpoCl 44.11  16.17 39.7 44.11 16.17 39.7 5.88 94.11 0.0
yef1+HITS+matK 62.16 54 3243 62.16 54 3243 6.75 91.89 1.3
ycfl+matK+rbcL 16.9 49.29 33.8 15.49 49.29 33.8 8.45 90.14 0.0
ycfl+matK+rpoCl1 15.06 80.82 4.1 15.06 80.82 4.1 10.95 89.04 0.0
ycfl+rpoCl+rbeL 16.9 76.05 7.04 15.49 76.05 7.04 4.22 94.36 0.0
matK+ITS+rbcL+rpoC1 57.53 0.0 42.46 57.53 0.0 42.46 5.47 94.52 0.0
ycf1+ITS+matK+rbcL 57.97 0.0 42.02 56.52 0.0 42.02 14.49  84.05 0.0
ycfl1+ITS+matK+rpoCl 60.8 4.05 35.13 60.8  4.05 35.13 5.4 94.59 0.0
ycfl+matK+rbeL+rpoC1 16.43 4794 35.61 15.06 47.94 35.61 5.47 93.15 0.0
yefl+HITS+matK+rbcL+rpoCl1 ~ 56.75 0.0 43.24 554 0.0 43.24 5.4 93.24 0.0
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Table 6. Cluster analysis of Eucalyptus species based on the three plant barcodes

At 1% threshold At 0.5% threshold

Barcode locus % of clusters Largest Clusters % of clusters Largest
with pairwise with only with pairwise  Clusters

No. of  threshold distance one No. of threshold distance  with only

clusters violation (%) species clusters violation (%) one species
ITS 5 40.0 4.6 3 19 42.1 2.13 11
rpoCl1 1 100.0 1.86 0 4 25.0 1.24 3
matK 4 25.0 3.9 3 7 14.28 1.43 5
rbcL 4 25.0 2.05 3 6 16.66 1.92 5
ycfl 12 8.33 2.73 11 16 12.5 1.77 14
ITS+rbcL 2 50.0 1053 1 5 20.0 10.53 4
ITS+rpoC1 1 100.0 10.5 0 3 33.33 10.5 2
rbeL+rpoCl 1 100.0 3.42 0 1 100.0 342 0
matK+ITS 2 50.0 4.7 1 8 37.5 3.14 6
matK+rpoCl1 1 100.0 4.41 0 1 100.0 441 0
matk-++rbcL 1 100.0 4.51 0 4 25.0 4.51 3
ycf1+ITS 5 60.0 6.5 3 20 40.0 2.51 12
ycfl+matK 5 40.0 423 4 8 37.5 3.34 6
ycfl+rbeL 5 20.0 6.39 4 7 14.28 6.39 6
ycfl+rpoCl 3 33.33 11.12 2 6 16.66 11.12 5
ITS+rbcL+rpoCl1 1 100.0 10.13 0 5 20.0 10.13 4
matK-+rbcL+rpoCl 1 100.0 4.51 0 1 100.0 4.51 0
ITS+matK+rpoCl 1 100.0 10.13 0 3 33.33 10.13 2
matK+ITS+rbcL 1 100.0 1053 0 7 28.57 3.13 6
ycf1+ITS+rbel 3 33.33 10.53 2 8 12.5 10.53 7
ycf+HITS+rpoCl 2 50.0 11.39 1 8 12.5 11.39 7
ycfl1+ITS+matK 3 66.66 4.7 2 9 33.33 3.32 7
ycfl+matK+rbcL 2 50.0 4.95 1 4 40.0 4.51 4
ycfl+matK+rpoCl1 2 50.0 5.86 1 2 50.0 5.86 1
ycfl+rpoCl+rbcL 2 50.0 597 1 2 50.0 597 1
matK+ITS+rbcL+rpoC1 1 100.0 10.13 0 5 20.0 10.13 4
ycf1+ITS+matK+rbcL 3 33.33 1053 2 8 25.0 2.98 7
ycf1+ITS+matK+rpoC1 2 50.0 10.13 1 4 25.0 10.13 3
ycfl+matK+rbeL+rpoCl 2 50.0 4.51 1 2 50.0 4.51 1
ycf1+ITS+matK+rbcL+rpoC1 2 50.0 10.13 1 6 16.66 10.13 5

According to the results of the NJ cluster analysis, the degree of species resolution was
significantly enhanced with the combinations multi-locus regions. Two-region combinations
(ITS+rbcL) and three-region combinations (ITS+matK+rpoCIl and ITS+rbcL+rpoCl)
resolved 78.6% of the species included in this study (Fig. 1) (Fig. 3a - ¢). The degree of
species resolution for individual barcode regions ranged from 7.1% (rpoCI) to 57.1% (ITS)

(Fig 1.) (Fig. 2a - e).
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Discussion

Evaluation of the DNA barcodes in Eucalyptus

We tested five plant loci as DNA barcodes for species differentiation in the Eucalyptus
species. Four barcode loci, ITS, matK, rpoC1 and rbcL have already been approved and
established for plant barcoding (9) and the fifth locus, ycf7 is being debated for its potential
use as a DNA barcode in different plant groups (11). Efficiency of the barcodes in the current
studies was judged based on their potential to differentiate among Angiosperms. In our
studies, the amplification success of all the three loci was more than 90% for ITS, matK,
rpoC1 and rbcL, which is comparable with those reported for some other taxa (16,17,26-28),
while ycfl fragments were only successfully amplified in 67.14% (Table S3), presenting a
failure in PCR in some species of Eucalyptus, data are similar with Neubig & Abbott (29)

which reported a low success of PCR in families Lauraceae and Annonaceae.

According to our results, ITS and ycfl are more parsimony informative sites and better
discriminatory power among the five proposed loci, i.e., ITS, matK, rpoCl, rbcL which is
consistent with the results of many previous studies (10,29,30). We analyzed the intraspecific
and interspecific pairwise distances to determine whether the maximum intraspecific
divergence was smaller than the minimum interspecific divergence. The analysis showed an
overlap between the intraspecific and interspecific distances in the individual or the combined
barcode sequences. Barcode datasets can be used to delimit species by determining the
barcode in the distribution of pairwise differences. The distance analysis demonstrated that
yefl1+1TS+matK+rpoC1 had the highest intraspecific sequence divergence, whereas ycf1 had
the highest interspecific (Table 3). The combination of regions matK, rbcL and ycf1 has been
proposed as a universal barcode high resolution at species level in plants (11,31). The

discriminatory power of ITS and matK lies in the high rate of substitution in the gene,
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percentage of variation and the presence of mutationally conserved sectors (32,33).
Unfortunately, matK can be difficult to PCR amplify using existing primer sets particularly
(26), as it happened in this study with primer set reported by Sharma et al. (18). In contrast,
the barcode region of rbcL and rpoCl are easy to amplify, sequence, and align in most land
plants and provides utility to the barcode dataset, despite it having only modest discriminatory
power (26,34). Therefore, it seems that the rate of correct identification of species using
multilocus combinations can increase, in our studies, when we performed intraspecific vs.
interspecific sequence divergence analysis, a significant number of sequences overlapped and
did not warrant further analysis to determine barcode. Although researchers have used
barcode and distance method to distinguish plant groups above the species or generic levels
(35), the barcode in ITS, matK, rbcL, rpoC1 and ycfI at the species level has been reasonably

documented in several plant genera (10,11,36,37).

Although success for DNA barcode plants to be close to 70% (7), new regions are being
proposed for greater discrimination of the land species plants (11). In Eucalyptus the
interspecific pairwise distances in rpoCl, matK and rbcL were lower as compared to ITS and
vefl. This is not surprising as the ITS and ycfI region are variable even among organisms of
the same species; and a similar pattern of pairwise distance divergence has been found by
some other researchers in other plant genera (38—40). We used K2P model to compute
pairwise sequence distances. The K2P model considers that transition and transversion occurs
at different rates and takes into account both transition and transversion rates to calculate the
divergence between sequences (41). This model has been widely used in various
investigations for sequence comparison barcode and species identification (10,37). Eucalyptus
species assignments were made by “best match”, “best close match” and “all species
barcodes” functions of TaxonDNA (24). These statistics have been used by a large number of

researchers in barcode studies on plants (42,43) for species assignments. In our study the
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locus  combination  ycfI+ITS+matK, matK+ITS,  ycfI+ITS+matK+rpoCI  and
ITS+matK+rpoCl showed a higher intraspecific variation, being consistent with data from
"best match" and “best close match” above 60%. According to Ashfaq et al. (44) resolution
identification of species of cotton was higher when using multilocus combination. Xu et al.
(10) confirmed DNA barcoding to differentiate Dendrobium species and found matK+ITS the
most effective barcode to identify these species. Several studies have demonstrated the power

of ITS for discrimination between species of terrestrial plants (26,37,45).

We performed cluster analysis to evaluate the efficiency of barcodes to separate the species,
functions of TaxonDNA. At a threshold level of 0.5% ycfI was the most successful barcode,
producing 16 cluster, and 14 clusters with only one species, followed by ITS producing 19
clusters and 11 clusters with only one species. The locus combinations reduce the formation
of groups with single-species profiles. For example (matK+I1TS+rbcL+rpoC1) producing five
clusters, and four clusters with a single species. This analysis helps us understand the power
of resolution taking into account the feasibility of the threshold values to distinguish intra-
and interspecific variability by 0.5%, and 1% thresholds. When species are grouped only by a
cluster, it shows little variation of the barcode region, however as it increases the number of
cluster, the resolution of species is higher. In our study, the tree-based method outperformed
the similarity-based methods. We evaluated the species resolution abilities of the five DNA
barcode regions and their combinations using a tree-based (NJ) method and revealed
ITS+rbcL, ITS+matK+rpoCl and ITS+rbcL+rpoC1 are the best combinations DNA barcode
affording 78.6% species resolution, thus apparently pointing towards its suitability as one of
the candidate DNA barcodes for land plants. The degree of species resolution for individual
barcode regions ranged from 7.1% to 57.1% (rpoC1 and ITS, respectively; Fig. 1). The NJ
tree based on the locus ITS returned the best resolution based only in one region and

previously, it has been reported that this region presented a higher discrimination power than
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the other datasets to identify Passiflora species (43). Chen et al. (17) in a study on identifying
medicinal plant species determined that the /7S2 region provided the highest species
resolution in a 97.7%. In another study Hartvig et al. (37), have reported that nuclear marker
(ITS), chloroplast markers (matK and rbcL) and combinations showed a high rate of greater
discrimination 90% for species of Dalbergia. The NJ tree based on the ycf7 is shown in Fig. 2
- ¢, the degree of species resolution was from 43%, this marker has been proposed as the most
promising single-locus barcode for land plants (11). However, further studies are required in
the design of a new primers for ycfl region from sequences of Eucalyptus, this will allow
greater in the percentage PCR success, which may allow better discrimination of Eucalyptus
species. For the others regions, this success were lower than 30% and only combined with
other regions it can reach a reasonable resolution. Several combinations of two or three
barcodes have been proposed as core barcodes, including ITS2+matK (44), rbcL+trnH-
psbA+matK (46), ycfl (29), trnH-psbA+rbcL+matK (30), rbcL+matK+trnH-psbA+nrITS (47),
rbeL+matK (48), ycflb+matK+rbcLb (11), however, a consensus has not been reached (49).
The success of ITS+rbcL, ITS+matK+rpoCl and ITS+rbcL+rpoCl as a core barcode was
based on the straightforward recovery of the rbcL region and the discriminatory power of the
matK and ITS region. The region barcode matK is one of the most rapidly evolving coding
sections of the plastid genome, and is perhaps the closest plant analogue to the CO/ animal
barcode, this barcode offers higher level of variation between species in animal. However in
land plants, the plastid DNA regions matK and rbcL do not offer such a barcode, particularly
in closely related species, being necessary the use of other more variable regions to assess
greater resolutions (50). A possible limitation in using these three regions is the difficulty in
alignment due to the considerable length variations caused by indels and simple sequence
repeats indeed, a few manual alignment adjustments were necessary in this study. Find a

unique barcode for Eucalyptus has proved a difficult task. It is required the combination of
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nuclear and plastid genomes for discrimination of most species of Eucalyptus. However,
considering the cost-benefit, we suggests the use of two-locus region (ITS+rbcL) for the

species identification in this genus.

Conclusions

Our study shows that a combination of ITS+rbcL is most suitable for barcoding the
Eucalyptus species separating E. moluccana, E. tereticornis, E. urophylla, E. amplifolia, E.
saligna, E. major, E. grandis, E. brookeriana, E. macarthurii, E. longirostrata and E.
Corymbia henryi, by tree-based (NJ) method. These combinations provide the highest degree

of species resolution, considering the other combinations.
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Supporting Information

Table S1. The 34 plastid genomes used for matK and rbcL primer design

Species Accession Number Version

Eucalyptus grandis NC 014570.1 GI:309322431
Eucalyptus curtisii NC 022391.1 GI1:545717342
Eucalyptus erythrocorys KC180799.1 GI1:442568712
Eucalyptus cladocalyx NC 022394.1 GI:545717600
Eucalyptus melliodora KC180784.1 GI1:442567422
Eucalyptus melliodora NC 022392.1 GI1:545717428
Eucalyptus polybractea NC 022393.1 GI:545717514
Eucalyptus deglupta NC 022399.1 GI:545718030
Eucalyptus grandis HM347959.1 GI:308223265
Eucalyptus camaldulensis NC 022398.1 GIL:545717944
Eucalyptus saligna NC 022397.1 GI:545717858
Eucalyptus aromaphloia NC 022396.1 GIL:545717772
Eucalyptus globulus KC180787.1 GI:442567680
Eucalyptus globulus subsp. globulus NC 008115.1 GI:108802622
Eucalyptus salmonophloia NC 022403.1 GI:545718374
Eucalyptus diversicolor NC 022402.1 GI:545718288
Eucalyptus torquata NC 022401.1 GI:545718202
Eucalyptus spathulata NC 022400.1 GI:545718116
Eucalyptus nitens NC 022395.1 GI:545717686
Eucalyptus marginata NC 022390.1 GIl:545717256
Eucalyptus microcorys NC 022404.1 GI:545718460
Eucalyptus guilfoylei KC180798.1 Gl:442568626
Eucalyptus regnans NC 022386.1 GI:545716912
Eucalyptus elata NC 022385.1 GIl:545716826
Eucalyptus sieberi NC 022384.1 GI:545716740
Eucalyptus verrucata NC 022381.1 GI1:545716482
Eucalyptus patens NC 022389.1 GI:545717170
Eucalyptus radiata NC 022379.1 GI:545716310
Eucalyptus delegatensis NC 022380.1 GI:545716396
Eucalyptus obliqua NC 022378.1 Gl:545716224
Eucalyptus cloeziana NC 022388.1 GI:545717084
Eucalyptus umbra NC 022387.1 GI:545716998
Eucalyptus baxteri NC 022382.1 GI:545716568
Eucalyptus diversifolia NC 022383.1 Gl:545716654
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Table S2. Evaluation of five DNA markers and combinations of the markers

Percentage |Length of No. of parsimony [No. of species |Ability to
Universality | Percentage PCR [sequencing |aligned informative samples discriminate
Barcode locus of primers _|success (%) success (%) |sequence (bp) |sites/variable sites |(individuals) |(NJ)
TS Yes 100 87.14 800 94/138 81 64%
rpoCl Yes 100 88.57 594 8/29.0 64 28.57%
*matK Yes 100 87.14 892 32/85 81 85%
*rbcL Yes 100 80 840 25/77 67 85%
yefl Partial 67.14 40 663 71/190 26 80%
ITS+rbcL - - - 1640 120/211 72 92%
ITS+rpoCl - - - 2286 134/244 72 71.42%
rbcL+rpoCl - - - 1434 32/105 70 92.85%
matK+ITS - - - 1692 127/216 73 57%
matK+rpoCl - - - 1486 39/110 72 64%
matk+rbcL - - - 1732 57/159 70 100%
yefl+HITS - - - 1463 166/324 73 50%
yefl+matK - - - 1555 103/272 69 42.85%
yefl+rbeL - - 1503 96/267 66 50%
yefl+rpoCl - - - 1257 78/218 66 78.57%
ITS+rbc+rpoCl - - - 2234 126/235 67 92%
matK+rbcL+rpoCl - - - 2336 64/187 72 100%
ITS+matK+rpoCl - - - 2286 134/244 73 42%
matK+ITS+rbc - - - 2532 152/293 73 50%
yefl+HITS+rbcL - - - 2303 191/397 69 35.71%
yeftITS+rpoCl - - - 2057 171/347 68 42.85%
yefl +1TS+matK - - - 2355 198/406 74 42%
yefl+matK+ rbcL - - - 2395 128/349 71 50%
ycfl+matK+rpoCl - - - 2149 110/300 73 57.14%
yefl+rpoCl+rbcL - - - 2097 103/295 71 57.14%
matK+ITS+rbcL+rpoCl - - - 3126 159/321 73 0.0%
yefl +HITS+matK+rbcL - - - 3195 222/477 69 78%
yefl HTS+matK+rpoCl - - - 2949 205/434 74 50%
ycfl+matK+rbeL+rpoCl - - - 2989 135/377 73 64%
yef1+HITS+matK+rbcL+rpoCl |- - - 3789 230/511 74 78.57%
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